Introduction
Diarylethene derivatives are a family of photochromic compounds which are extensively studied because of their potential for fabricating photonic devices such as all-optical memories and switches 1, 2 , as well as nanoand micro-actuators 3, 4 . Photochromism refers to the ability of certain molecules to undergo a photoinduced reaction between two isomers which have different absorption spectra. For the diarylethenes, the isomerization is a classic example of an electrocyclic reaction which involves the reversible ring-closing (cyclization) and ring-opening (cycloreversion) of the molecular system, following irradiation with UV and visible light, respectively. The ability of diarylethene derivatives to photoreversibly undergo subsequent cyclization and cycloreversion with large changes in optical properties is the key reason for their potential in fabricating photonic devices.
The fundamental requirements of a photochromic system for applications in all-optical memories and switches are that they be thermally stable in their variable state condition and fatigue resistance. Furthermore, technological applications will generally require a solid state system. The pioneering work of Irie et al. 1 has demonstrated that diarylethene derivatives with heterocyclic aryl groups satisfy these requirements. That is, both open-and closed-ring isomers have been shown to be stable even at 80 O C and to be capable of undergoing more than 10 4 ring-closing and ring-opening cycles before significant degradation is observed.
Furthermore, several of these derivatives also exhibit photochromism in the crystalline phase 5 , making them particularly promising candidates for technological applications. One such compound is 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl) perfluorocyclopentene (Scheme 1).
Scheme 1.
To determine the ultrafast dynamics of these systems associated with both the cyclization and cycloreversion reactions in various diarylethene derivatives a large number of time-resolved spectroscopic studies have been performed on these systems . Not only do these studies offer insight on the general attributes of electrocyclic reactions, but they also reveal the speed of the ring-closing and ring-opening reactions which is the crucial aspect for both the quantum yield and the fatigue resistance, since these processes are, in general, in competition with other radiative and nonradiative relaxation channels. The comparison of the time constants for those reactions in different diarylethene derivatives, along with an understanding of the different reaction pathways involved, is essential for designing new compounds with increased performance.
Even though technological applications will generally require the solid state, the majority of ultrafast studies have been carried out in solution, with the general consensus that the cyclization occurs on sub-picosecond to picoseconds timescales [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Though solution phase measurements have the advantage of continuously flowing the sample such that complete reversibility of initial conditions is ensured for every transient absorption (pump-probe) event, the periodic crystal structure and intermolecular contacts associated with the solid state will presumably have some effect on the reaction pathways. The cyclization reaction requires the heterocyclic aryl moieties to undergo relatively large motions which increase the planarity of the closed ring isomer and aid the delocalization the  electronic structure 1, 30, 31 . When considering the crystalline phase, the surrounding matrix should influence these relatively large scale motions and alter the observed reaction dynamics. Only a limited number of time-resolved studies have been performed on diarylethene derivatives in their crystalline phase 8, 18, 27 and to our knowledge none were done with femtosecond resolution. Though these previous studies provide upper limits to the reaction time scale, they were limited to picosecond temporal resolution and were unable to fully characterize the cyclization reaction.
A fundamental requirement for all transient absorption experiments is that the sample under study fully recovers between laser shots in order to be in the same initial state for each pump-probe event. In principle, the solid state can be investigated even for nonreversible systems simply by translating the sample between excitation pulses. However, for the crystalline phase it is often non-trivial to create large area samples that can support adequate excitation area to reconstruct the dynamics with sufficient signal to noise. In this case, the photoreversibility of diarylethene provides a major advantage to the study of photochemical reaction mechanisms in the solid state. That is, the photochromic properties make it possible, in principle, to perform femtosecond pump-probe measurements in the single crystal phase without constant exchange of sample.
Specifically, the requisite reversibility can be met by following each pump-probe event resulting in cyclization with a second visible pump to revert the system back to its initial conditions. In addition, the thermal stability of the system can be exploited to systematically compare the transient signal with that of the final photoproduct. By measuring the steady-state absorption profile of the photoproduct associated with every transient pump-probe event the convergence to the closed-ring isomer can be monitored. More importantly, this exploitation of the systems thermal stability can be used to ensure that the sample is still in the photoreversible regime. That is, there is a limit to the total number of photon cycles that can be executed for a given spot, termed the fatigue resistance, and this point needs to be independently determined for the given excitation conditions.
Here we present femtosecond transient absorption measurements of the ring-closing reaction in the single crystal diarylethene derivative 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl) perfluorocyclopentene. These measurements were made by exploiting both the systems photoreversibility and thermal stability. To our knowledge, no previous study has made such direct and complete use of the photochromic capabilities of a diarylethene derivative for time-resolved measurements. These optical experiments are complemented by preliminary time-resolved electron diffraction results, and represent the first study where sufficient temporal resolution has been used to resolve the entire electrocyclic reaction of a diarylethene derivative in its single crystalline state. The methods employed here, and the exploitation of this system's photoreversibilty, make it tractable to work with small area single crystal samples and are particularly important for time resolved electron or X-ray diffraction studies where single crystals make it possible to directly observe the atomic motions coupled to the reaction coordinate 32 . This work paves the way for the use of femtosecond electron diffraction to directly determine the key atomic motions and time dependent velocities through reactive crossings to construct potential energy surfaces at the finest level of detail. Here we discuss the mechanistic details in the context of prior computational work 33 and offer a vibrational mode analysis to give some insight into the primary motions involved in the ring closing reaction.
Experimental and computational methods
The transient differential absorption (pump-probe) measurements were made with a home built Ti:sapphire oscillator and associated regenerative amplifier system (500 Hz, 810 nm, 50 fs, and 500 μJ). White light continuum was generated in a sapphire window, providing probe pulses in the visible spectral range from 480 nm to 760 nm. The pump pulses were generated by sum frequency mixing the fundamental amplifier output with visible pulses centered at 595 nm derived from a NOPA (non-collinear optical parametric amplifier) 34 in a BBO crystal. The resulting 2.5 uJ pump pulses were centered at 343nm with 8 nm bandwidth FWHM. The pump fluence at the sample position was set to 0.3 mJ/cm 2 and the instrument response function was determined to be 130 ± 20 fs across the probe spectral range. The polarization of the pump and probe were set with respect to the crystals' orientation in order to maximize the visible absorption of the closed-ring isomer.
Where specified, 270 nm pump pulses -generated by frequency tripling the fundamental -were used rather than 343 nm. Here the pump pulses impinge on a variable delay stage such that the path length of the pump is systematically varied relative to the probe in order to measure the temporal dependence of the pump induced change in optical density.
To ensure the same initial conditions for each pump-probe event, a continuous wave (cw) HeNe laser ( = 633 nm) is used to convert all the molecules back to their initial open-ring state following each UV pump pulse. This is in contrast to conventional pump-probe spectroscopy which uses thermal reversibility or the constant exchange of sample (flow or translation) to ensure the same initial conditions. In addition to measuring the pump-on (I ON ()) and pump-off (I OFF ) probe intensities necessary for the differential measurement, the "after" intensity (I ON (2 ms)) is also measured to determine the degree of cyclization induced by the pump as reflected by the absorption profile of the now closed-ring molecules. To accomplish this, both the femtosecond UV pump and cw HeNe laser are controlled with individual shutters that are externally triggered. The pulse and acquisition sequence is the following: the spectrometer is set to acquire 7 consecutive probe pulses while the UV pump shutter is externally triggered to let only a single pulse hit the sample. This pump pulse is triggered to arrive only during the 6 th probe pulse. The 7 th probe pulse is acquired to determine the differential absorption associated with a time delay of infinity ( ∞ ). Shortly after those 7 pulses, the shutter associated with the HeNe laser is opened for 500 ms to convert the closed-ring isomers to their initial state. This completes a single cycle, allowing the time delay () to be altered and subsequent pump-probe events to be recorded. The time-dependent differential spectrum (OD() = -log 10 (I ON ()/I OFF )) is obtained by comparing the I ON () (6 th ) and I OFF (average of the first 5) acquired probe spectra for each individual time delay. The τ ∞ spectrum (OD( ∞ ) = -log 10 (I ON ( ∞ )/I OFF ) is obtained by comparing the "after" (7 th ) and pump-off probe intensities. Here  ∞ is measured at approximately 2 ms after the pump pulse (i.e. I ON (2 ms) = I ON ( ∞ )) as determined by the 500 Hz repetition rate of the regenerative amplifier. It should be noted that 2 ms is an appropriate approximation of  ∞ as no spectral evolution is observed from approximately 20 ps (vide infra) until exposure to visible light.
Averaging 5 pulses to determine I OFF was chosen as a compromise between increased S/N due to averaging against the loss of correlation between the I ON , I OFF , and I ON ( ∞ ) for the white light probe. Furthermore, only one pulse was consider for I ON ( ∞ ), as the white light probe pulses were found to convert a small but measurable portion of the molecules to their initial open form. As such, the magnitude of the  ∞ signal was systematically lower (by approximately 2-3 %) by considering, for example, the 11 th rather than the 7 th probe pulse. Furthermore, it should be noted that the duty cycle of this acquisition method is limited by the use of 500 ms of cw-HeNe exposure to ensure full cycloreversion. Due to the sequential two-photon nature of the cycloreversion process 18, 23, 24, [26] [27] [28] [29] the use of picosecond pulses to revert the system at each excitation event, rather than cw visible excitation, could in principle increase the duty cycle. However, the general approach associated with externally triggered shutters is necessary when dealing with samples of limited reversibility so that the pump pulse is not continuously impinging on the sample.
The time resolved electron diffraction measurements were conducted in parallel using a newly developed 100 KV electron gun that is a modified version of previous work 35 Geometries of the open and closed ring isomers were optimized at the B3LYP/6-31G(d) level of theory using the default Berny optimization algorithm as implemented in the GAUSSIAN09 software package 36 . For minimum-energy structures obtained from the density functional theory DFT calculations, vibrational frequency calculations were performed, and electronic excitation spectra were calculated using the timedependent density functional theory (TDDFT) formalism 37 . spectrum for the polarization with maximum absorption is similar to that previously reported for this compound 38 .
Results and discussion

Steady state absorption spectra
The open-ring form is essentially transparent in the visible region with the observed offset of approximately 0.2 being due to reflections on the front and back crystal surfaces as well as reduced transmission due to surface roughness and scatter. In contrast, the closed-ring form exhibits a broad absorption band in the visible.
The feature is centered around 635 nm and as a FWHM of approximately 150 nm. Furthermore, the absorption spectra of the closed-ring form exhibits a strong anisotropy. This was also observed in many other crystalline diarylethene derivatives 5, 39 and is expected for the crystalline phase due to the orientation of the molecules and their associated transition moments. For the time-resolved measurements presented in section 3.3, the polarizations of both the pump and probe were parallel and oriented along the direction of maximum absorption in the visible for the closed ring form. 
Cyclization (open → closed) is induced by irradiation with cw UV and cycloreversion (closed → open) is
induced by irradiation with a cw HeNe at 633 nm (see Scheme 1).
Cycling repeatability
As previously discussed, the ability to apply the technique of transient differential absorption to the cyclization reaction of interest requires that the individual pump-probe events experience the same initial conditions. To achieve this in the single crystal phase, without translation of the sample, complete cycloreversion to the transparent open-ring isomer must be ensured prior to the arrival of every UV pump pulse. If the cycloreversion was incomplete the probe transmission would experience an overall decay due to the accumulation of the closed-ring compound and absorptions associated with the closed-ring isomer would begin to contribute to the transient signal. Complete cycloreversion is easily satisfied by prolonged exposure to a cw HeNe laser following every UV pump pulse. In addition, for the time-resolved experiment the limited fatigue resistance of the sample must be investigated for the pump conditions used.
Diarylethene crystals (including1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl) perfluorocyclopentene) have been reported to undergo more than 10 4 cw-induced ring-opening and ring-closing cycles before significant reduction in the photochromic properties were observed 5 . Due to the thermal stability of the closed-ring isomer, the pump induced change in optical density well after the ring-closing reaction has occurred, OD( ∞ ), is a direct measure of this optical fatigue. As the photochromic properties of the system are compromised, the magnitude of OD( ∞ ) will decrease. In order to ensure that undesirable side products associated with this reduction in photochromicity 1, 40, 41 do not contribute to the transient signal, the pump induced change in the optical density can be measured at 2 ms -effectively  ∞ -after every pump pulse as described in section II. This acquisition method ensures that the sample is in the requisite fully reversible and undamaged regime. cycles is essentially constant. However, after this point a clear downward trend is observed. Such "two-phase" behavior is consistent to that previously reported in a similar diarylethene derivative in the crystalline phase 42 . Based on extinction coefficients from solution phase measurements and qualitative evaluation of the transmission in thin crystals, the penetration depth of 270 nm pump is dramatically shorter than that of 343 nm 43 . Though estimates from solution phase data are relatively coarse as the crystalline environment is known to influence the absorption spectrum 44 , the general order of magnitude suggests that the photoexcited molecules are localized much nearer the surface of the crystal when using 270 nm excitation. This implies that the concentration of excited states under these conditions is significantly higher in the surface region, possibly leading to faster optical fatigue. Furthermore, the optical fatigue of diarylethene derivatives is known to be negatively influenced by the presence of oxygen 1, 40, 41 , and we would anticipate that significant amounts of oxygen would permeate the first molecular layers of crystal relative to the bulk crystal sampled by 343 nm excitation. Alternatively, or in combination with the above suggestions, excitation with the 270 nm pump may
be capable of accessing higher energy excited states that possess additional reaction pathways towards undesirable side products. Regardless of the mechanism that limits the optical fatigue following 270 nm excitation to 100s of cycles, it is clear from Figure 2 that excitation with 343 nm allows for 3 x 10 4 cycles in the fully reversible regime. This wavelength dependence was important to establish as our initial efforts focused on the use of 270 nm pump pulses that are experimentally much easier to generate. 
Transient absorption measurements
In the previous section (section 3.2) it was established that pulsed excitation at 343 nm allowed the diarylethene derivative to undergo 3 x 10 4 successive ring-closing and ring-opening cycles before the onset of optical fatigue. As such, the pump-probe measurements extracted from this range of cycles adhere to the requisite criteria of reversible reaction conditions. However, it should be emphasized that this limitation in the reversibility would correspond to approximately 1 minute of acquisition for a conventional pump-probe measurement (1 kHz system). Here the transient dynamics are recoverable due to the pulse sequence outlined in section II.
The transient differential absorption measurements corresponding of the ring-closing reaction in the single crystalline diarylethene derivative are displayed in Figure 4 . These measurements correspond to the first 3 x 10 4 cycles and are a result of excitation at 343nm with a fluence of 0.3 mJ/cm 2 . To provide an overview of the ring-closing dynamics, the contour plot of the temporally resolved transient differential absorption spectrum is presented in Figure 4 (a). Selected spectra for various time delays between -200 fs and 50 ps, compared to their associated  ∞ measurements, are presented in Figure 4 (b). The data were corrected for white-light chirp. It is important to emphasize that the amplitude of the  ∞ spectra were not rescaled to that of the transients; they are the measured spectra at 2 ms after the pump pulses, taken together with every transient measurement (section II). The formation of the spectra associated with the closed ring molecules is clearly observed. After approximately 20 ps, the transient spectrum is essentially fully converged to that of the final product, where it remains static until the application of visible light is used to induce the cycloreversion process. As can be seen in the transient spectrum of Figure 4 frame corresponding to a delay of 500 fs, the absorption maximum is seen to have rapidly shifted towards the blue. Following this sub-ps evolution, the blue feature decays on the 5 ps time scale along with the simultaneous formation of a feature which exactly corresponds to the closed-ring absorption spectrum. It is apparent from Figure 4 that there are relevant dynamics on both the femtosecond and picosecond time scales.
As will be elaborated below, the dynamics on the femtosecond time scale are associated with the structural relaxation within the excited state of the open-ring isomer, while the dynamics on the picosecond time scale are associated with the actual ring-closing reaction.
Femtosecond dynamics
The presence of dynamics on the femtosecond time scale is apparent in Figure 4 of the previous section. The sub-picosecond dynamics following excitation with a 0.3 mJ/cm 2 , 343 nm pump pulse are presented in greater detail in Figure 5 , where the transient absorption spectra for time delays between 75 fs and 450 fs are depicted in Figure 5 (a). The initially broad photoinduced absorption seen at 75 fs progressively shifts from the red (625 nm) to the blue (sub-480 nm) end of the visible spectrum in the first 500 fs following UV excitation. This spectral shifting is made more apparent in Figure 5 (b) where, following Hania et al. 16 , the individual wavelengths of the temporally resolved transient absorption spectrum are normalized to their maximum values in the sub-ps region. Here the progressive spectral shift is clearly exposed and is seen to occur on a time scale of a few hundred femtoseconds.
The normalized single wavelength transients centered at 485 nm, 600 nm, and 675 nm are extracted from In contrast to the assertion that the sub-picosecond dynamics result from vibrational relaxation on the excited state potential of the open ring isomer, it should be noted that the timescale of this spectral shifting is also consistent with a polarization response of the surrounding crystalline lattice. In this case, the pump-induced electronic excitation on the molecular unit would result in reorientation of the surrounding polarizations in response to the change in charge density. However, the large magnitude of the spectral shifting observed in Figure 5 (b) (more than 100 nm) is inconsistent with this intermolecular mechanism. Furthermore, projections of the ground state equilibrium geometry on the excited state potential are expected to occur well away from local minima in regions of relatively large curvature 33 , which further supports the assignment that the large spectral shifting results from vibrational relaxation along the excited state surface as opposed to a polarization response of the surrounding medium (unexcited diarylethene molecules).
The sub-ps dynamics presented above are in qualitative agreement with previously reported results for similar diarylethene derivatives in solution. In particular, spectral shifting of the excited state absorption of the openring isomer, prior to the ring-closing reaction, was observed by Hania. et al. 13, 16 . They also interpreted this shifting as a result of the relaxation of the open-ring isomer on the excited state potential energy surface, and supported this interpretation by semiempirical calculations of the ground and excited state potential energy curves along the reaction coordinate. In addition, several other solution phase studies have also identified the formation of this intermediate for related compounds on sub-ps time scales 7, 11, 12 . However, the work presented here represents the first measurement done with sufficient temporal resolution to resolve its formation in the crystalline phase. The vibrational analysis provided in section 3.6 will further discuss the specific atomic motions involved in the formation of this reaction intermediate. It was anticipated that the rise and decay of the signals seen in Figure 6 The time constant of 5.3 ± 0.3 ps obtained for the ring-closing reaction is in qualitative agreement with previous studies of similar diarylethene derivatives in the crystalline phase 8, 18 . However, the time resolution of these previous studies was limited by the use of a 15 ps pump pulse. To our knowledge this is the first measurement that fully resolves the cyclization reaction of a diarylethene derivative, from the initial motion on the excited state surface to full ring closing, in the crystalline phase. It is also the first measurement based entirely on the photoreversibility of the reaction to provide well defined reference spectra, making it possible to do the measurements on small, but high quality, portions of the photochromic single crystals.
Picosecond dynamics
The simplicity of the dynamics observed is Figure 6 differs markedly from most of the previously reported results on similar diarylethene derivatives in solution 7, [10] [11] [12] [13] 16 . In particular, the formation of the ring-closed molecule is unambiguous. By 20 ps, the transient spectrum is almost fully converged -both in shape and in amplitude -to that of the final photoproduct. In solution, discrepancies between the transient spectra and that of the final closed-ring product are generally observed at relatively late time delays due to a racemic mixture of the open-ring isomer. Specifically, the parallel (C S symmetry) enantiomer is unable to undergo cyclization, while the antiparallel (C 2 symmetry) structure (seen in Scheme 1) is believed to do so with unity quantum yield for a large number of diarylethene derivatives 1, 45 . Thus, in a racemic mixture, the quantum yield for cyclization of such derivatives is approximately 0.5 5, 43 . Though the parallel structure does not contribute to the cyclization reaction, it has been found to have long-lived excited states absorption bands that interfere with the ability to clearly resolve the spectral feature associated with nascent ring-closed molecules 7, [11] [12] [13] 16 . Conversely, single crystal diarylethene derivatives are generally composed exclusively of the antiparallel arrangement, resulting in essentially unit quantum yields 5, 38 . In the crystalline phase, the periodic structure enables all the excited molecules to undergo cyclization under nearly identical local environments. This high level of uniformity in local environment and conformation imposed by the crystal structure leads to the unique transient absorption signal, which maps out the pathway to the ring-closed linear absorption spectrum.
Previous studies which employed femtosecond temporal resolution in the solution phase have obtained time constants associated with cyclization ranging from sub-ps to sub-3 ps for similar fluorinated diarylethene derivatives with heterocyclic aryl groups 7, 9, 10, 14, 16 . Here, the cyclization reaction in the crystalline phase is found to be significantly slower, presumably due to the impeding influence of the close-packed environment.
A similar observation and interpretation was reported for the cycloreversion reaction in a crystalline diarylethene derivative 27 . The fact that the photochromicity of 1,2-bis(2,4-diethyl-5-phenyl-3-thienyl) perfluorocyclopentene is preserved in the crystalline phase suggests that the structural changes necessary for cyclization are relatively small when compared to other photochromic molecules 5 . Despite this, the intramolecular motions are still significant, and presumably highly constrained, in the context of the closepacked conditions associated with the single crystal phase. The impeding influence of the crystalline environment on the cyclization reaction has been explicitly demonstrated in an X-ray crystallographic study which showed that the structure of the closed-ring molecules inside a crystal of the initially open-ring form was distorted 44 . This observation, in tandem with the increased timescale for the cyclization in the crystalline phase, implies that the intermolecular contacts associated with the periodic crystal structure hinder the nuclear motions necessary for the cyclization reaction.
Signature of optical fatigue in transient signals
As a final note we briefly explore the transient spectral features associated with optical fatigue of a photochromic diarylethene derivative in the crystalline state. In section 3.2 it was established that the diarylethene derivative of interest possessed 3 x 10 4 cycles before the onset of damage. However, as was apparent in Figure 2 (a) of section 3.2, the optically fatigued crystal still continued to display photochromicity of reduced magnitude even after 1 x 10 5 cycles. In order to demonstrate the influence of the fatigued sample on the transient dynamics, Figure 7 (a) presents the transient absorption spectra 5 ps following excitation with 0.3 mJ/cm 2 of 343 nm pulsed light for the entire 1 x 10 5 cycles investigated. The spectra presented are normalized to their respective  ∞ (2ms) signals and binned in groups of 2 x 10 4 or 4 x 10 4 as specified.
It can be observed that there is already a small discrepancy between the transient measurement corresponding the first and second 2 x 10 4 cycles. As the number of cycles increase, the sample becomes progressively more fatigued and the discrepancy dramatically increases. Though the crystal may still display photochromic properties of reduced magnitude (see Figure 2 (a) of section 3.2), it is not possible to simply scale the transient data to the  ∞ magnitude to compensate for this reduction. This is because the optical fatigue is due to the formation and accumulation of undesired photoproducts 1, 40, 41 which also display transient dynamics in the same spectral region as those associated with the cyclization reaction. To demonstrate this point, Figure 7(b) presents the transient absorption spectra of the fatigued diarylethene derivative. The spectra are extracted from cycles 6 x 10 4 to 1 x 10 5 for time-delays between 0.5 and 50 ps. In contrast to the unfatigued cyclization reaction extracted from the first 3 x 10 4 cycles, the transient spectra no longer converge to the  ∞ spectrum, even at 50 ps. Apparently, long lived photoinduced absorptions unrelated to the cyclization reaction distort the dynamics of interest.
Electron diffraction studies: direct observation of picosecond structural dynamics
The convergence of the transient spectra to the fully relaxed ground state of the closed ring isomer seen in Electron diffraction studies represent a very important advance in the study of chemical reaction dynamics.
We have now successfully demonstrated both how to make and characterize molecular crystals for femtosecond electron (or X-ray) diffraction studies, as well as how to optically prepare a reaction coordinate under fully synchronized conditions to map out the primary motions involved. Though the proper interpretation and phasing of the diffraction data to project out the specific motions involved requires additional analysis, which is beyond the scope of this paper, the diffraction data does allows us to confirm that the noted transient absorptions are due to structural changes.
Theoretical considerations
Due to the potential applications of photochromic materials and their rather unusual properties, there has been a great deal of theoretical work done on diarylethene excited state dynamics 22, 33, [47] [48] [49] [50] [51] [52] . The most notable work in this regard is that of Robb and coworkers, who have used complete active space (CASSCF) calculations and dynamics (molecular mechanics-valence bond, MMVB) on a hydrocarbon model system that is highly relevant to the present derivative under investigation in this report. Their work demonstrated that the mechanism of photochemical ring closing and ring opening reactions involves the system traversing through a conical intersection between the ground state S 0 and the first excited state S 1 . The presence of additional conical intersections on the potential energy surface was also determined, which causes great difficulty when attempting to obtain optimised geometries on the S 1 surface. For example, time-dependent density functional theory (TD-DFT), which is the method of choice for a system of this size, is well known to fail to converge in the vicinity of a conical intersection. The way forward is to use a more rigorous approach to constructing the excited-state Slater determinants, such as that offered by the complete active space method. However, the high computational demands of this method invariably require that a simpler model system be constructed. In this regard we are therefore extremely fortunate that the work by Robb et al precedes us.
The results from our TD-DFT calculations on the full 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl) perfluorocyclopentene compound appear in Table 1 . It is clear from our calculations that the S 0  S 1 excitation is mostly a one-electron HOMO  LUMO transfer, which are the bonding and antibonding orbitals between the two carbon atoms which join when the ring is fused. Their identities switch as we pass through the conical intersection: for the closed-ring isomer the HOMO is the bonding orbital, whereas for the openring isomer the HOMO is the anti-bonding orbital. It can be seen in Table 1 that TD-DFT predicts that the first bright transition is S 0  S 3 at 4.3 eV for the open-ring form and S 0  S 1 at 2.1 eV for the closed-ring form, which is qualitatively consistent with the linear absorption spectrum 43 Prior work 33 suggests that the mechanism for closing the ring appears to be as follows. Photoexcitation to the S 1 surface, possibly following internal conversion from higher lying states such as S 3 The key question that remains is the identity of the vibrational mode(s) that directs the motion along the seams of the conical intersection. Clearly, we must be looking for motion that modulates the carbon-carbon gap involved in the bond formation. Furthermore, given the requisite conrotary motion to establish the quasiplanar closed-ring structure, we anticipate the involvement of torsional motions of the pendant phenyl-thienyl groups. In the present work, we have extremely well defined dynamics thanks to the homogeneous intermolecular potential provided by the crystal lattice. The predicted initial motion of the ring closing process has been fully resolved and associated with a time constant of 200 fs. Presently, we are not able to invert the complementary time-resolved electron diffraction data to give the precise motions involved. This work is in progress and will be reported separately. We can, however, perform a modal analysis to see what motions are most likely involved in this initial displacement along the excited state surface. or closed) on the excited state surface using TD-DFT failed, probably due to the presence of nearby conical intersections. It is reasonable to expect some difference in the potential energy as a function of C-C distance for the S 0 and S 1 surfaces, which may result in perturbations to the vibrational modes. Additionally, it must be noted that the large displacements of the phenyl groups seen in the lowest frequency vibration of Figure 9 are likely to be heavily constrained in a single crystal lattice of the compound 3 . More generally, we anticipate that the initial sub-ps dissipation of excess energy on the S 1 potential of the open-ring form is accomplished through a superposition of the normal modes seen in Figure 9 . The anharmonic coupling between these modes is evidently quite large to give the observed timescales, corresponding to nearly direct relaxation of the initial Franck-Condon modes to the lowest frequency modes involved in the initial motion along the reaction coordinate.
Conclusion
Transient differential absorption measurements were performed with femtosecond temporal resolution to investigate the cyclization reaction of a single crystal diarylethene derivative. These measurements clearly resolved the formation of a reaction intermediate on the 200 fs timescale which was associated with relaxation on the excited state potential of the open-ring isomer. Following this initial process, the cyclization reaction was clearly resolved and shown to occur with a time constant of 5.3 ps. These measurements were made possible by an acquisition scheme which exploited the photoreversibility and thermal stability of this specific crystalline system. Though this acquisition scheme is particularly valuable for photoinduced reactions that are thermally irreversible, it can be adapted to ensure the requisite reversibility for any time-resolved differential measurement where the constant exchange of sample is impractical. This aspect of the experimental methodology will also be of great utility for determining the peak power limitations for a time resolved diffraction experiment where the goal is to obtain the actual atomic motions related to the photoreaction of interest.
Though the timescale for the cyclization reaction is well established by this spectroscopic study, the precise nuclear motions associated with traversing the conical intersection associated with the isomerization remains unresolved. With improved analysis methods we expect to be able to report on the principle motions from the direct observations of the structural dynamics in reciprocal space using electron diffraction. In the absence of this information, computational and crystallographic studies implicate low frequency conrotary motions of the thiophene rings as well as motions orthogonal to the central carbon-carbon distance. Though the optical techniques employed in this study are only indirectly sensitive to the nuclear motions involved, we expect to provide a complete atomistic description of this classic conrotary ring closing reaction with conserved stereochemistry based on our femtosecond electron diffraction studies that are presently in progress. Direct observation of the nuclear motions involved in this process will give a complete understanding of the ultrafast dynamics associated with photoinduced electrocyclic reactions in diarylethene derivatives.
